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SECTION  1 


INTRODUCTION 


The  maximum  power  density  attainable  in  externally  sustained  molecular  laser 
discharges  is  usually  dictated  by  the  occm’rence  of  glow  collapse  and/or  arcing. 

The  erratic  and  unpredictable  nature  of  this  phenomenon  severely  hinders  the  develop- 
ment of  large  scale,  high  power  electric  laser  systems.  In  a previous  investigation^ 
the  causes  of  thermal  instability  in  externally  sustained  discharges  were  analyzed 
for  conditions  t;/pical  of  cw,  convection  cooled  CO2  lasers.  It  was  found  that  such 
discharges  are  thermally  unstable  and  that  the  magnitude  of  the  instability  growth 
rate  is  exceptionally  sensitive  to  the  nature  of  the  electron  loss  process. 

In  the  present  investigation  a similar  analysis  is  applied  to  high  energy  CD 
electric  laser  discharges.  The  primary  objectives  of  this  study  are:  <'l)  iden- 

tification of  the  physical  mechanisms  from  which  instabilities  arise  for  low 
temperature-high  pressure  CO  laser  operating  conditions:  and  (2)  identification  of 
the  plasma  properties  which  impact  on  the  development  of  thermal  instabilities.  The 
information  so  generated  should  assist  in  identification  of  means  to  ext.eni  ani/or 
enhance  the  stable  operating  range  of  externally  controlled  CO  laser  discharres. 

Most  of  the  details  of  the  theoretical  formulation  used  have  been  reported 
previously In  fee.  2 those  specific  features  which  are  unique  to  CO  electric 
lasers  are  treated,  particularly,  vibrational-translational  energy  relaxation  under 
conditions  such  that  the  vibrational  energy  distribution  is  highly  nonPoltzmanr. ; 
and  electron-molecule  super-elastic  collisions  which  are  important  when  a significant 
fraction  of  the  molecules  are  vibrationally  excited.  A very  brief  review  of  the 
linear  stability  model  used  in  this  analysis  is  also  presented.  Thermal  ir.stab'li' ;• 
grow^',h  in  '0  lasers  and  the  factors  influencing  this  phenomenon  are  presente  L in 
detail  ir.  .'ec.  3-  There  it  is  shown  that  changes  in  the  nature  of  elect ron-io- 
recombination  greatly  influence  the  magnitude  of  the  instability  growt.h  rate. 

Because  of  the  importance  of  recombination,  positive  ion  chemistry  is  discussed  i' 
some  detail  in  fee.  h.  On  the  basis  of  available  experimental  data  related  to  ion 
identification  in  high  pressure  gases  it  is  argued  that  positive  ion  species  t,-."pical 
of  CO  laser  conditions  will  be  clustered,  and  that  the  ion  species  will  be  dominated 
by  impv.rities  in  the  gas  mixture,  especially  water  molecules.  In  view  of  the 
fmportance  of  the  electron  loss  process  on  thermal  instability  growt.h,  and  the  myria  1 
of  factors  affecting  cluster  ion  recombination  in  a vibrationally  active  ras,  '■his 
conclusion  is  of  particular  importance.  Indeed,  on  the  basis  of  this  rtiiiy  the  need 
for  a rreatly  improved  understanding  of  cluster  ion  production  and  loss  mechanisms 
in  lischarges  becomes  apparent. 
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SECTION  2 


PLASMA  ANALYSIS 


Rigorous  formulation  of  the  criteria  for  the  occurrence  of  instability  in  gas 

mixtures  containing  several  molecular  species  is  a formidable  problem.  In  order  to 

retain  a manageable  analytical  model  it  has  been  assumed  that  the  only  molecular 

species  in  the  discharge  is  CO  in  an  atomic  diluent  such  as  He  or  At.  Rotational- 

translational  equilibrium  has  been  assumed  to  exist  at  the  gas  temperature,  T.  The 

resulting  conservation  equations  for  the  neutral  particle  number  density  and  the 

translational- rotational  and  vibrational  energy  densities  for  a convection  discharge 
T P U 

are  then  expressed, 


(1) 


(n^r) +(n£T  + P)V-j^=  atV^T+^  Ey  + Og  n (»/T/n)  kTg 


(2) 


Of  v)  hfn^  y.  “ Tw-r 


where  D/l>t  = ?/-‘t  + U is  the  mass  average  velocity  of  the  gas,  n and  nj^j  are 

the  total  neutral  particle  number  density  and  molecule  density,  respectively,  K 
is  the  thermal  conductivity  of  the  gas,  and  -^yip  is  the  temperature  dependent  time 
characterizing  vibrational-translational  relaxation,  i.e.,  ~ nk,^,,  with  kyr 

the  effective  rate  coefficient  for  V-T  energy  relaxation.  The  average  translational- 
rotational  energy  per  particle,  frp,  is  given  by, 


Et  = (3/2  Xq+  5/2  X„,)kT  , 


2 


where  ar.d  are  the  atom  and  molecule  fractional  concentrations.  Tr.  order  +o 
facilitate  comparison  with  the  formulation  of  Ref,  1,  the  average  vibrational  energy 
per  CO  molecule,  f,-,  will  be  related  to  an  effective  vibrational  temperature  defined, 
by  the  expression, 


kTv  . 


Regarding  the  electron  propert.ies  in  Eqs.  (l)-(3),  is  the  electron  density,  is 
the  generalized  f nonBoltzmann ) electron  temperature  2,3,  and  v,,  and  v.p  are  the 
electron  temperature  dependent  collision  frequencies  for  vibrational  excitation  and 
gas  translational  heating,  respectively. 

The  corresponding  particle  conservatior;  equations  for  electrons  and  negative 
ions  are  written,'* 


D^e 

Dt 


+ ngV  ij +V  (ne!ie)  = nghk  - ngOpk®  - pg  nk^  - hg  n^k 


Qg  +nnnkd  + nSc 


Ot 


+ DnV  u^  + V (PnlJ^n)  = ngrikg  + Ogn^  n^Opk^  - On  nk^^  , 


( ) 


wh‘-re  r.  ar.  1 sre  * he  negative  ion  and  positive  ion  number  densities  ■' Ht.  = r. 

an  1 I,,  are  the  electrori  and  negative  io!i  irift  velocities,  and  the  indicate! 
mjyf'.ure  weighted  rate  coefficients  are  tho.se  for  single  step  ionization  by  low 
energ;,'  electrons  (k^),  electron  recombination  (k®'i  , dissociative  attachment 
three-body  attachment  detachment  (kq"',  and  ion.-ion  recombination  I'k'). 

The  quantity  represents  the  electron  production  rate  due  to  the  external  source 
of  ionization;  generally  n.’  » n^nk^  for  the  conditions  of  primary  ir.tere.''t . 

Details  1 iiscussioris  of  the  approximations  and  formulation  leading  to  qr . (I'l- 
'5^  as  appliei  ^.o  this  problem  are  presented  els^here.^"'*  Also,  the  specific  fea'^ure 
of  the  chargol  particle  collision  processes  represented  in  ■ qr . and  '5^,  have 
beer,  liscussei  in  con.siderable  ietail  in  Refs.  3 and  5- 


2.1  Application  to  CO  Laser  Discharges 


2.1.1  Vibrational  Energy  Relaxation 


Probably  the  most  important  feature  distinguishing  CO  electric  discharge  lasers 
from  otherwise  similar  CO2  lasers  is  the  highly  nonBoltzmann  vibrational  energy 
distribution  characteristic  of  the  anharmonic  pumping  effect.^  Although  the  form 
of  the  vibrational  energy  distribution  changes  in  response  to  variations  in  any  of 
the  variables  Tg>  rig,  p and  n,  V-V  energy  exchange  processes  are  sufficiently  fast 
f<  10”°  sec)  so  that  the  vibrational  distribution  can  be  assumed  to  respond  to 
disturbances  in  plasma  properties  in  a quasisteady  fashion.  This  permits  deter- 
mination of  an  effective  rate  coefficient  for  V-T  energy  relaxation. 

Equation  (3)  shows  that  the  vibrational  power  balance  for  a uniform  steady 
state  plasma  can  be  written  in  the  form, 


ngh  (i/^/n)kTe  = ^ vT^"'’e  •'^e 


VT 


(o) 


where  the  dependence  of  the  '.’-T  relaxation  coefficient  on  Tg,  n^,  T,  and  n is  indicated. 
In  order  to  determine  the  rate  coefficient  k,,_  as  defined  by  Eq.  (6),  steady  state 
CO  vibrational  energy  distributions  and  energy  transfer  rates  were  determined 
numerically  using  a molecular  kinetics  model."  A C0:He  mLxture  in  the  proportions 
0.1:0. 9 was  used:  and  the  ranges  of  variables  covered  were:  T,  50-100°K;  n , 2 x 10^^ 

-2  X I0I2  cm“3;  p,  50-200  torr;  and  Tg,  0.4-1. 5 eV.  These  properties  correspond  to 
electrical  power  densities  in  the  50-2000  Wcm"^  range.  For  the  purpose  of  illustration, 
computed  vibrational  population  distributions  for  conditions  t.’v’pical  of  this  analysis 
are  presented  in  Fig.  1. 

In  order  to  assess  the  effect  of  changes  in  plasma  properties  on  vibrational 
energy  relaxation,  each  of  the  variables  Tg,  n^,  T and  n was  varied  independently 
about  the  following  base  (or  reference)  values:  Tg  = 0.56  eV  (i.e,,  E/n  = 1.0  x 
10" Ir  vcm'^);  Ug  = 7.5  x 10^^  cm" 3;  Tq  = 65°K  and  n°  = 1.U8  x 10^9  cm" 3.  Numerical 
evaluation  of  the  steady  state  CO  vibrational  energy  distributions  and  the  corres- 
ponding vibrational  energy  density,  then  permitted  determination  of  ky^i  as  defined 
by  i'q.  (6).  "iffective  V-T  rate  coefficient  data  obtained  on  this  basis  are  presented 
in  Fig.  2.  rixaminatlon  of  this  figure  shows  that  kyrp  increases  with  both  and  n^. 

This  reflects  the  fact  that  as  the  amount  of  vibrational  excitation  increases,  the 
inharmonic  pumping  effect  drives  energy  to  higher  vibrational  levels  from  which  V-V-T 
ai.l  V-T  relaxation  is  more  effective.  As  the  neutral  number  density  is  increased 
the  energy  store'!  in  vibration  per  molecule  simply  decreases  with  a corresponding 


l4 


(SEC-ICM 


.Increase  in  vlbra-^  ional  relaxation.  Oi'  particular  in- • rent  ir  the  fact  that  ar  the 
fas  temperature  is  increase!,  anharmor.ic  pix.pinf-  of  enerry  to  hirhei-  levels  is  less 
affective,  leaiinr  to  a lecrease  in  tiio  vibi’a*. ional  rela:-:a- ion  rate  coeff : cier.t . ‘.t 

much  higher  temperatures  K-ti  ultimately  ten  is  ■^ov."'r!  tiio  !,an  iau-Teller  value,  k-,rnfT'. 
(l-expf -e  kT)  as  E-;  tents  towar  1 a Boltzmarci  ilstributior. . i'nler  certain 
coniitions  such  a negative  temperature  tepenianc--  of  k- ^(T)  could  have  a sirs'iif ican-‘- 
affect  on  thermal  stability  since  an  increase  in  T r’.*sul'-s  in  a decrease  ir;  * he 
effective  vibrational  relaxation  rate  coefficient,  '\e.,  negative  feedback. 

The  k.„  data  presented  in  Fig.  ? are  fount  to  exhibit  a .monotor.ic  lepentence  on 
the  variabies  Hg,  T and  n.  Therefore,  application  of  perturbation  -^heory  to 
.q~.  (l)-(3)  can  be  simplifed  by  expressing  the  '.■-T'  rate  coefficient  in  -^he  form. 


' ^VT 


The  values  = 0.5,  ?■  - -1.15  and  i = -0.5  are  found  ■‘■o  ylel!  a ver’y  good  fi+  -o 
numerical  data  shown  in  Fig.  2. 

2.1.2  .drperolantic  'ollislons 

"’diiticn  to  its  usual  dependence  on  Tg,  the  electron  vibra"  ional  ••xc-- - u 
’ ■ d’f'c’  ;'  , ...  n.  also  iepends  on  n^,  T and  n because  of  -:;eir  imr'>c'  on  -■ 

■;cr-'’.-ee  ■ '.-•■(•■•ced  ■’S  a consequence  of  elect  ror.-i:.olec:l"  sup‘r-'l'' '•  ;o  ■ "'I'. 

;.  oa.u.'  ?f  rrumerical  experimentation  it  was  found  ‘ dia’  wi-h:-. 
rianlv:'  l^-ec;' ' be  ! previousl.,',  t;;e  dependence  of  t'ne  vibra- ior.al  ’Xil'a'  ’ r ' 

r.  cr.ar.ges  in  : , T and  n was  relatively  weak.  i!owev"r,  I':'-.-*  ■ r 

ela.'-;c  collisions  or.  as  is  varied  was  found  -o  ce  s.uc  : ■ s.  ■■ 

ref Ivc- ir.g  -he  highly  r:onlir;ear  dependence  of  vibrational  -rxc'-a-  ■ ■ ,••••>•  ■ 

•r.ergv.  The  iata  prer'ented  in  Fig.  3 show  the  resulting  e:T-'‘  • ■ . • • va ' • ' • 

ir;  T^.  The  values  of  effective  vibrational  temperature  cerre.-p  - : ■ 

•/"'lue''  3f  t.  , T and  n are  also  given  in  the  figure. 

,'r.  jri.-r  to  .'irrplify  formulation  of  the  stability  ar.aly:  . • u 

iata  of  Fir.  3 (including  supcrelastic  collisions')  'nave  bc":.  -'ppr rr-a*  : ; • 
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/n  (SEC~iCM'^) 


1 


erairejaioii . 


i^w(Te.Tv)/n  = {i^v(Te)/n)o 


(••) 


where  ' = 0.8  has  been  found  to  yield  a very  good  fit  to  the  numerical  results. 

2.1.3  Electron- Ion  Recombination 

For  high  pressure-low  temperature  conditions  positive  ion  species  will  be 

clustered  with  the  likelihood  that  no  single  species  of  ion  dominates  over  the 

entire  range  of  conditions  encountered.  Fiirther,  the  magnitude  of  the  recombination 

coefficient  of  clustered  ions  can  vary  significantly,  even  among  manbers  of  the 
o ■ ' 

same  family.  ' Therefore  the  effective  recombination  coefficient  k^  should  be 
expressed  in  the  form, 


( •) 


,th 


ion 


f^pecies  and  k^.-  it 


tht 


where  is  the  fractional  concentrat ion  of  the  j 
correspondirif  recombination  coefi'ici  ent , Py  assuming;  th^t  the  electron  temperature 
iepenience  of  the  various  ion  species  is  the  same  can  be  approximated  by  the 
expression, 


(Te.T)=  k," 


ao) 


!n  the  numerical  analysis  to  follow  T^  has  been  taken  as  65°K  and  the  exponent  i hss 
been  varied  parametrically.  Sections  3 '^nd  h treat  the  matter  of  electron  recom- 
bination for  CO  (and  CO2)  laser  conditions  in  considerable  detail. 
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2.2 


Linear  Stability  Theory 


Linear  perturbation  theory  has  been  found  to  be  exceptionally  useful  as  a means 
for  revealing  the  basic  causes  of  plasma  instability  in  molecular  discharges. 
Detailed  discussions  of  this  method  as  applied  to  laser  discharges  are  presented 
elsewhere Certain  features  of  the  analysis  which  are  unique  to  the  present 
treatment  of  CO  laser  discharges  are  briefly  discussed  in  the  following  paragraphs, 

2.2.1  Fractional  Derivatives  of  Rate  Coefficients 


It  has  been  shown  that  the  sensitivity  of  plasma  processes  to  small  changes 
in  properties  such  as  electron  temperature  and  gas  temperature  can  exert  a profound 
influence  on  plasma  stability,  especially  in  externally  sustained  discharges.^ 

The  nature  and  sensitivity  of  such  variations  is  conveniently  expressed  in  terms 
of  the  fractional,  or  logarithmic,  derivative  of  electron  rate  coefficients  with 
respect  to  electron  temperature,  i.e.. 


k = \ dk  .iink. 

\ k / aie  ainTe 


>11) 


Thus,  k (or  v)  is  a number,  the  magnitude  and  sign  of  which  reveal  the  nature  of 
the  response  of  a process  to  a small  local  change  in  electron  temperature. 

In  the  present  analysis  k^,rp  exhibits  a dependence  on  n^,  T and  n in  addition 
to  its  dependence  on  Tg,  Eq.  (7).  It  is  easily  shown  that  the  corresponding 
fractional  derivatives  with  respect  to  these  variables  are  simply  a,  ?,  and  V, 
respectively.  Similarly,  the  fractional  derivative  with  respect  to  gas  temperature 

of  the  recombination  coefficient,  k®, is  d. 

’ r’ 

2.2.2  Electron  Temperature  Perturbations 

In  volume-dominated  molecular  gas  discharges,  the  characteristic  time  for 
electron  energy  relaxation  is  very  short  compared  to  the  time  required  for  the 
charged  particle  densities  to  change,  so  that  electron  energy  kinetics  respond  to  a 
disturbance  in  an  effectively  quasisteady  manner  on  the  time  scale  of  importance. 

On  this  basis,  the  first  order  quasisteady  form  of  the  electron  energy  equation  has 
been  used  along  with  Poisson's  equation  to  obtain  a relationship  coupling  disturbances 
in  electron  temperature,  electron  density,  and  neutral  density. In  the  present 
investigation  this  procedure  has  been  modified  somewhat  to  account  approximately  for 
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the  lepetuience  of  electron  energy  lorr  on  vibritioiial  temperature,  i.v.,  ' !.e 
of  juperelaotir  collisions  (hq.  tor  conii-*- ions  ruci.  •‘hat  th'-  •■lec*  r'^n 

fractional  p iwer  transfer  to  vibration  ir  near  unity,  the  rerultinr  exp!-'  ■ ■ ! 
relatint'  pertr.rbat ions  in  T^,  n^,  n and  i:',l--‘ 


l£k 

Te 


-2  cos^ 

^u-  C0S2<|>y 


nek 

ne 


2 sin^ 


+ t^u-  C0S2 


^C(T^/lO‘')S-(Tv/IO‘’)S  '' 


Tv. 


+ ‘'u-  COS  2 <?b 


( -2  cos^4>  ^ 

1 +1 

^-2sin^  4>  \ 

+ 1 

(Tv/IO*’)^  Tv, 

V -u'  y 

' He  ' 

\ / 

‘ -u'  ) 1 

1( -(Ty/I0‘’)'^) 

where  Te^^,  , at.!  are  the  ajnplita;  ies  of  the  k/th  ioi;rier  componeih  r cf 

the  rerpec+iv%  per^'urbe!  pr'opert  ier  m i where  -y  ar.  1 ai'e  the  total  elec*  r on 
enerry  ■ xch.atire  an  i momentum  transfer  collision  I'l-equencies , resp.;'C*- ively , the  c-’rei 
notation  rel'errinr  lorar 'timiic  i- a’ivat ives  of  ' iiese  collirioi-.  f requenci cs  wi' !: 
respect  to  elec’ rri  t,.p;p,.>'oy  as  describ’'t  previousl;.' . ;r.  tins  equatioi.  the  anrl 

•'  ir  the  anrle  hi '*■  w s -i;  * ho  ii“ectioti  of  ths*  s.erot’n  or  ( a:P  i cipate  1 st  ea  i,.- st.at  ' 
•slec*'r'c  fii'll  a:  i tiio  wave  pr 'pa.yit  i . i>.  veC  .'r  • 

• • ^ t’rst  '!■!>;>■  .'tabillt;.-  n.a^'o:. 

the  considerations  discnss.el  abov--  pi’ovidiiip  Mie  basis  for  the  approact:  ‘ ' 
bi'  i'ollowei,  linear  stability  analysis  is  appli-jl  to  i".  l'-(S''  as  iescriL  i 

previously .T"^  This  procedui’e  results  in  the  followir.r  systtm  ol‘  I'irs*  order 
equations  relating  the  perturbat.ion  amplioiiies  n-,^,  , Tj^,  Ty^  , a;.  1 T and.  ■< 'ne 

anMcipated  steady  st.at e properties: 


T.\  ^ l,e  , n _ 


n f»  ^ r*  G 


e Hr 


npk;-  ^ nk^jkd-n^kp  -8npk 


.13' 


'Ck 


efe 


nk,ki  -npk;k;  -nka|kp^ -n^kp^kp^ 
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where  ip  the  growth  or  demping  rate  of  coupled  disturbances  in  n^,  n^,  T,  Ty, 

and  T^.  In  the  derivation  of  these  equations  it  has  been  assumed  that  first  order 
pressure  fluctuations  are  very  small,  a condition  permitting  replacement  of  n^^/n 
by  This  approximation  is  valid  as  long  as  the  characteristic  time  for  the 

dissipation  of  acoustic  disturbances  is  much  less  than  the  time  required  for  evolution 
of  disturbance."  in  thermal  and  vibrational  energy  density,  a condition  usually 
satisfied  in  cw  or  quasi-cw  convection  discharges. 

4 
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SiiCTIOK  3 


3.1  l-asic  Considerations 


3.1.1  Steady  Ctate  iroperties 

lULnerical  experimentation  carried  out  previousl;.  ‘ i.as  shown  * hat  o-;ce  '.ne  ranges 
of  steady  state  plasma  properties  such  as  pressure,  gas  mixture,  electron  '.empera'ure 
electron  density,  and  electrical  power  density  have  : een  estai  limed,  thermr:  1 ins' a- 
1 ility  is  far  more  sensitive  to  specific  microscopic  details  of  electron  production 
and  loss  processes  than  to  '.'ariations  in  the  values  of  macroscopic  plasma  'onai'!, - 
■'.hus,  i:  y establishing  reasonable  -/alues  for  th.e  steady  state  properties  • ne  it.fl  ce 
on  thermal  instability  of  changes  in  those  processes  affecting  electron  pi-oduc'ion 
and  loss  and  vibrational  relaxation  can  le  exami-ied  i::  detail. 

En  this  investigation  conditions  tvere  selected  so  as  ’o  le  represent.-: • ive  of 
an  externally  sustained  laser  plasma  in  a superso.-.ic  flc*-.  'onditions  at  tne  :ic- 

charge  inlet  •.•;ere  taken  as  1 = 100  ^orr.  L = o5^n,  ' 10-  cm/sec.  -aI  ' ana  -.e 

•fi  the  proportions  O.L  - 0.9-  The  exter-iai  ionization  source.  ..  'was  ass-.ctea  'o  ;e 
u-iiform  throughout  the  volur.e . lor  tJiese  condition.s  • iie  fio-w  is~'Eup-irsonic  with  ' no 
gas  density  and  I'lo’w  'velocity  essentially  independent  of  posi'io:;  in  'he  dischar.p 
region.  I-'ig-jre  • presents  comp-uted  spatial  variations  of  i and  . for  representa'  ive 
co’iditions.  In  this  example  electro-is  were  ass-omed  to  te  lost  by  recomi  ination 
depending  oni;.  on  Tg.  'with  the  result  that  the  electron  density  and  elecro-.  'emp-ara- 
ture  are  i oth  independent  of  position. 

die  required  electron  collision  frequency  data  for  the  CO-iie  0. 1:0.9  md-Xfore 
considered  i-i  this  a:iaiysis  'were  computed  and  are  presented  in  i-ig.  5.  'while  the  cor- 
respondi-ig  fractional  deri'vatives  for  this  mi.xture  are  shewn  in  Fig.  c.  ilie  factors 
influencing  the  magnit'ude  and  electron  temperature  dependence  of  these  da’„a  are  well 
understood  and  are  found  to  be  generally  similar  for  a '.'ariety  of  mixtures  of  impor- 
tance in  ;0  Laser  applications.  It  is  'worth  pointing  out  ho'wever,  that  and 
exhit  it  very  large  variations  in  the  region  of  electron  temperature  for  'wnich  'w'ibra- 
tional  e;-:citation  is  most  efficient. 

3 . 1 . f electron  ion  Recombination  lata 


processes  involving  '0  itself  should  lead  to  no  net  negative  ion  production  in 
10  laser  discharges  ^ i-'urt.her,  in  this  analysis  it  is  assu.'r.ed  that  the  impurity 
;e(C0)^,  which  is  invariably  present  in  can  be  reduced  to  a level  such  that 

electron  dissociative  attachment  involving  Fe(CO)^  is  u-nimportant , i.e.,  < 10  ppm. 
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Te(eV) 


Fii-^urc  Frac^-ional  derivatives  of  the  electron  collision  frequency 
data  nresented  in  Fir;.  5.  Values  of  |v|  < 1 imply  a relatively  weak 
denenrlence  on  electron  temperature. 
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With  this  proviso,  the  negative  ion  concentration  should  be  relatively  low  in  CO 
laser  plasmas  (n^^/ng  « l),  with  electron  loss  dominated  by  recombination.  Figure 
7 provides  a summary  of  nearly  all  the  molecular  recombination  coefficient  data 
available  as  a function  of  electron  temperature  (Maxwellian  energy  distribution). 
These  data  along  with  their  sources,  are  discussed  in  Ref.  9* 

Recently,  measurements  of  electron  recombination  under  ambient  pressure  and 
temperajture  conditions  have  been  carried  out  using  CO^®,  and  CO2  laser  mix- 
tures. These  data  were  obtained  under  conditions  generally  similar  to  externally 

sustained  laser  discharges,  and  fall  within  the  shaded  region  of  Fig.  7.  In  the 
Kg  and  CO  measurements  the  positive  ions  were  assumed  to  be  and  CO'^.CO,  respec- 
tively, or  perhaps  higher  order  polymers.  In  these  measurements  the  electron  energy 
distribution  was  not  ;t;txwelliar . Thus,  in  Refs.  10,  13,  and  1^  recombination  coef- 
ficients are  presented  as  a function  of  mean  or  characteristic  electron  energy-,  a 

circumstance  that  could  introduce  as  much  as  a factor  of  2 variation  in  the  inferred 
0 

k value  evei:  for  the  same  ion. 
r 

Of  particular  importance  to  this  study  are  the  data  of  Ref.  10  for  CO  which  are 

specifically  indicated  in  the  shaded  region  of  Fig.  7.  The  ir-.ferred  recomt i. nation 

” "5  J ^ ^0  \ 

coefficient  in  .'0  exhibits  a Tg  ‘ variation  li.e.,  kj,  - -1.5)  and  will  :e  used  as 
a reference  in  the  stalility  computations  to  be  discussed  in  subse  ruent  sections. 

3.2  Thermal  Instability  Irowth  Rates 

i'Ollowing  “he  procedure  described  in  detail  in  Ref.  1,  3qs . 13’'-ilo)  were 

numerically  solved  in  terras  of  the  anticipated  properties  in  tr.e  discharge  region. 
For  all  conditions  examined  the  plasma  was  found  to  be  thermally  unstable  •. v > O'u 
having  a growth  rate  strongly  peaked  in  the  direction  normal  to  the  electric  field 
= 90'^''.  This  behavior  is  indicative  of  vibrational/thermal  instability  driven  ly 
disturbances  in  elec tro:; -molecule  vibrational  excitation. 

3.2.1  trowth  Rates 


‘‘resented  in  Fig.  8 are  computed  thermal  instability  growtii  rates  as  a function 
of  H/n  corresponding  to  the  plasma  conditions  discussed  in  preceditig  sections.  These 
•■ilculatior-iS  ,ci;rve  n)  show  that  as  the  electrical  power  density  increases  in  the 
] W-IOOO  w/cm"^  range  the  time  characterizing  the  growth  of  thermal  disturbances 
n"‘'  decreases  from  approximately  10"3  to  10"  sec.  The  rather  sharp  increase  in 
t'.e  .p’ow'h  rate  in  t!ie  500-700  '.•//cm-^  range  reflects  the  onset  of  ionisation  due  to 
low  energy  electron  impact.  As  pointed  out  previously,^  avalanche  ionization  become 
significant  as  regards  tliermal  instability  growth  when  the  steady  state  contribution 
of  low  enerity  electron-molecule  ionization  is  only  about  1 percent  of  that  due  to  tiie 
ex’err.al  source  (this  point  is  indicated  by  the  arrow  in  the  figure  1 . 
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Flf~^ure  8.  Coir.'puted  '■horinal  ins*  ability  .growth  ra*'e  in  * he  direc'  icn 
norrr.al  ‘he  electric  field  (tp  = ‘^0*^)  for  ‘lie  base  condi*  ions  c:' 

Fir;s.  1-1  and  a source  function,  3^,,  of  3.1  x 10“  ’ soc“^  . Curve  a iv-as 
.genera*  ed  usin.-t  *-he  da^a  of  Ref.  10  ob‘aine.i  in  CC  under  a‘ r.c  erheric 

densi'y  condi‘ions:  ♦he  ^^row'-h  ra^'e  cotrirni*  ed  on  * his  basi.s  wild  !o  ‘lie 
reference  for  ail  subsequent  corparisons . Curve  b was  'enera‘ed  u.-'in* 
cons‘-an‘-  value  of  2.0  x 10"'  sec"^  cr.^. 


For  the  piu’pose  of  comparison  Fig.  S also  shows  the  growth  rate  computed  using 
a constant  value  of  2 x 10"'^  sec'^  cr.  lor  the  electron  recombination  coefficient, 
i.e.,  k®  = 0.  Clearly,  the  effect  on  the  growth  rate  is  very  significant  resulting 
in  a factor  of  2 to  3 decrease  in  v over  the  range  of  variables  considered.  Numer- 
ical experimentation  witli  the  exponents  a,  3 and  v (Nq.  (7))i  which  reflect  the 
sensitivity  of  V-T  relaxation  to  clianges  in  n^,  T and  n was  found  to  have  a far 
smaller  effect  on  the  growth  rate.  In  fact,  taking  ky,p  as  a constant  having  a mag- 
nitude consistent  with  the  reference  conditions  indicated  in  Fig.  2 was  found  to 
have  a small  effect  coir5)ared  to  reasonable  variations  in  the  electron  recombination 
coefficient . 

3,2.2  Electron  Tensity  Disturbances 


:-or  reasons  discussed  in  detail  in  Ref.  1,  the  sensitivity  of  the  growth  rate 
exhibited  by  the  data  of  Fig.  8 to  seemingly  minor  changes  in  the  nature  of  the 
electron  loss  process  is  readily  understood  by  examination  of  the  change  in  the 
electron  density  disturbance.  Figure  9 shows  the  computed  variation  of  the  frac- 
tional electron  density  disturbance  relative  to  a change  in  gas  temperature,  i.e., 
Fne;.^/n0 ) (Tj^/T ) corresponding  to  curves  a and  b in  Fig.  8.  To  a first  approxima- 
tion tlie  instability  growth  rate  is  related  to  the  fractional  electron  density 
disturbance  by  the  expression,^ 


1/ 


k 


nCpT  \ 


+ 


^k/T 


(17) 


.vltho-og:.  the  magnitude  of  (rig, is  small  (in  fact,  negative)  compared  to 
its  value  in  a self-sustained  plasma  (>i0),  the  increase  in  the  electron  density 
dist'ur;  ance  caused  by  a recombination  loss  which  decreases  with  electron  temperature 
is  very  significant.  Vrtien  avalanche  ionization  approaches  1 percent  of  that  due  to 
the  external  source  l,ng  /n  )(Tu/T)'^  begins  to  increase  very  rapidlj'  as  is  indicated 
in  Fig.  9. 

3.2.3  0^,  )'olecular  Ions 


'.here  exists  considerable  evidence  that  small  quantities  (,<  1 percent)  of  Op 
added  to  ;0  laser  discharges  enhances  their  stability . » 16  Theoretical^"^  and 
experimental^^  investigation  of  the  role  of  Op  in  low  pressure  (10  Torr)  diffusion 
cooled  GO  laser  discharges  indicates  that  when  O2  is  present  the  initial  clustered 
positive  ion  species  charge  exchanges  with  0^  resulting  in  the  simple  molecular  ion 
The  extension  of  these  findi.ngs  to  high  pressure"^^  CO  discharges  is  open  to 
question  for  reasons  to  be  discussed  in  Sec.  4.  Nonetheless,  instability  growth 
!\'ites  -were  computed  for  comparison  with  the  data  in  Fig.  8 by  assuming  that 


E/n  (10”‘'®VCm2) 
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approximately  1 percent  O2  added  to  the  CO-He  (0.1:0. 9)  mixture  resulted  in  conver- 
sion of  all  positive  ions  to  O^'^g.  The  electron  recombination  coefficient  shown  in 
Fig.  7 for  Og^  was  used  in  the  calculations.  Because  for  02^  is  substantially 
lower  in  magnitude  than  the  recombination  coefficient  used  here  as  a reference  (from 
Ref.  10) , the  magnitude  of  the  external  source  function  was  reduced  so  as  to  yield 
the  same  electron  density  (and  power  density)  at  an  electron  temperature  of  about 
O.h  eV. 

The  results  of  this  calculation  are  presented  in  Fig.  10.  For  the  lower  values 
of  S/n  v^Op^)  is  very  similar  to  curve  b in  Fig.  8,  even  though  the  magnitude  of 
k®(02^)  is  5 to  10  times  smaller  than  the  2 x 10""^  sec'^cm^  value  used  in  the  gener- 
ation of  curve  b,  Fig.  8.  This  reflects  the  fact  that  as  long  as  the  characteristic 
time  for  recombination  is  short  compared  to  the  instability  growth  time  In^k^  » v) 
the  electron  density  response  will  be  quasisteady . 1 VJhen  this  is  the  case  only  the 
electron  temperature  dependence  of  the  recombination  coefficient  as  reflected  by  the 
magnitude  and  sifgn  of  affects  thermal  instability  grovrth;  the  marjiitude  of  k| 
itseli’  has  little  or  no  effect.  As  E/n  increases  the  data  of  Fig.  10  show  that  the 
onset  of  avalairche  ionisation  occurs  at  a lower  Tg  value  when  for  O2  is  used. 

This  is  to  be  e;cpected  since  the  electron  production  required  by  the  external  source 
is  reduced  as  a consequence  of  the  lower  '^^(C^)  value. 

In  Fig.  11  the  computed  growtii  rates  of  Fig.  10  are  presented  as  a function  of 
electric  power  density.  Presentation  of  the  data  in  this  form  shows  that  while  the 
premature  onset  of  avalanche  ionization  occurs  at  lower  S/n  levels  when  02"^  is  assumed 
to  be  the  dominant  ion.  the  instability  growth  rate  tends  to  satitrate  at  higher  power 
density  levels  unlike  the  growth  rate  obtained  using  the  reference  k®  value.  This 
: ehavior  is  a finite  kinetics  effect  reflecting  the  inability  of  tiie  electron  density 

to  respond  to  neutral  particle  disturbances  in  a quasisteady  manner,  i.e.. 

0 - */ 

"gk^(02^  ^ V.  '.■.’hen  this  occurs  both  the  magnitude  and  the  electron  temperat'ure 

dependence  of  tiie  recoml  ination  coefficient  affect  the  instability  growth  rate. 

V/hen  thermal  instability  growth  rates  were  computed  for  the  self-sustained  dis- 
charge conditions  typical  of  Ref.  15  in  which  O2  addition  was  fouid  'o  improve  plasma 
stability,  the  finite  temporal  response  of  the  electron  density  was  found  to  be  sig- 
!iificant.  Indeed,  the  instability  growth  rate  corresponding  to  a specific  power 
density  v/as  reduced  by  approximately  50  percent  when  k®  for  02*  was  used  in  the 
calculations.  Ihe  computed  instability  growth  times  i,v"^)  were  also  found  to  le 
nearly  equivalent  to  plasma  residence  time  in  the  discharge . ^ iiowever,  it  must 
le  pointed  ou‘  that  there  is  little  reason  to  expect  0^'*'  to  be  t.he  dominant  ion.  at 
tiie  higli  pressures  used  in  Ref.  15 . 

3 . 2' . •*•  las  Temperature  Dependent  Recombination 

! or  t!  e reasons  given  in  Sec.  2 and  elaborated  upon  in  Sec.  U the  positive  ion 
jp'jciec  ‘ypical  of  '0  and  'Op  high  power  discharge  conditions  will  i e clusters. 

Many  clustered  ions  have  weak  bond  energies  witii  tiie  result  that  cluster  ion  equilib- 
rium, and  t.herefore  recombination,  is  exceptionally  sensitive  to  variations  in  gas 
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temperature.  In  order  to  evaluate  the  effect  of  a gas  temperature  dependent  recom- 
bination Loss,  instatiiity  growth  rates  were  computed  for  various  values  of  the 
exponent  5 in  hq.  ,10'i.  The  results  of  these  calculations  are  presented  in  : ig.  12. 
As  anticipated,  the  effect  on  the  instability  growth  rate  is  profound  wit;.  ■.  increas- 
ing by  about  an  order  of  magnitude  as  5 is  varied  from  0 (base  case)  to  -10. 

To  the  same  level  of  approximation  used  in  deri'/lng  Sc.  (17)  it  can  le  shew;: 
that  the  fractional  electron  density  distur;  ance  is  related  to  i by  the  equation. 


ne 

T 


k/  ne 
k/T 


+ s + 


4>~9C° 


(18) 


Thus,  as  5 becomes  increasingly  negative  ttie  recombination  loss  decreases  more  d-uring 
a disturbance  resulting  in  an  increase  in  the  electron  density  disturbance.  Figure 
13  presents  t.he  computed  values  of  . Ue^./-e  HT;,/T  ' as  a function  of  5 correspondi;:g 
to  t.he  co.nditions  of  Fig.  12  at  an  S/n' value  of  1.0  x Vem^  (T^~0.f5  eV ' . T.he 

increase  in  the  electron  density  dist-urtance  is  dramatic  indeed.  These  results  ana 
those  discussed  in  Sec.  T vividly  illustrate  the  i:r.porta.nce  of  obtaining  signif- 
ica.ntly  better  information  o.n  ion  loss  processes  in  nigh  pressure  laser  discharges. 
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Fi.~iirG  l'^.  Fractional  olec'rcn  dennity  dis'urbance  correspondin'  ‘-c  ^hc 
da+a  of  Fi".  If  for  an  ii/n  '.aalno  of  0.88  x 10“^^'  V cri  (T^  0.^2  cV). 
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SECTION  )| 


POSITIVE  ION  CHEMISTRY 


T!ie  very  low  fractional  ionisation  ( n^/n  =- n^/n ~ 10  - 10  ) characterisinfj 

both  CO  and  CO^  electric  discharge  lasers  is  a unique  feature  which  may  impact 

sii’nificantly  on  t)lanm.a  stability.  It  is  well  known  tha<  even  with  scrupulous 

cleanun  and  drvina  i^  is  very  difficult  ‘o  reduce  the  water  molecule  concentration 

1 / \ 

in  atmosnheric  cases  to  below  10  7:1™.  '■  Even  the  concen*  ration  of  Fe(C0)_  in  CO 

■ ' 10  5 

cannot  bo  rodiiced  below  abo\P  1 ppm.  Therefore  i*  is  clear  that  the  concentra- 

' ion  of  residual  impurities  such  as  H^O  in  m.olecular  laser  m.ixtures  will  always 

exceed  t.he  electron  concen- I’a^  ion  by  at  least  a factor  of  ten.  Because  of  the 

likely  imnurity  level  and  fast  ion  conversion  kinetics  it  is  probable  that  the 

dominant  -positive  ion  species  in  laser  mixtures  will  not  be  related  ■!  o the  const  i' - 

ucntc  of  the  parent  cas. 


■;.l  Hydrated -Hydroniuir.  Ion  Se'.nience 

In  hic’-i  vicwcv  laser  applications  Mie  ions  produced  initially  by  the  external 
source  are  related  ‘o  'he  ma;ior  const  it  7ient  s of  the  cas . However,  as  a consequence 


char -e  ■.'xchanco,  rearraa'emen'  and  rwi'chanr:  reac' ions 


he  ' erm.inal  ions 


o 

ai’c  frequently  found  'o  bo  H^O  '(H^O)  , wi' h ‘lie  detailed  distribution  depending 

. ^ . 1 P -7  ^ 

on  ‘ cripera' U2’-  and  v;a' or  concen' ra' -lon.-t  The  equilibrium,  constants  for  'he 

O CT 

hyira' ' ■ :-hydronium  io!i  stKiucnce  have  been  r.eas7ired'  - from,  vriiich  the  various  m.em.ber.- 
o:"'  'he  somiencc  a^--'^  easily  dpt  .p’s-.inod . 


Fi 'urc  1'!  T'ror^cn^  i'  ‘ .'le  *>ac' ional  concentrat  ion  of  hydrated-hy  Ironium  ions  as 
a 'bine' ion  of  ' er-pera' vu’c  and  H„  t pressure.  Those  data  were  cor'pii'ed  on  ' !;c  t asis 
c:'’  ' he  inform.a' ion  prcsentcl  in  Ref.  Under  am.bient  a' mospheric  cendi' io'.is  w"'- 

1 ' o 10  ppm  H^O  prc.sen'  ' he  ion  soaucnce  will  be  dom.inated  by  relatively  lar 'o  n 
v.alucjs , e.  n > ’^.  Moreover,  expci’iinon' r.  in  a'  a nrosnu’c  of  only  1 a'm 
have  .'hown  ' h.a'  oiiuilibriTim  is  ostablislicd  for  'his  ion  ."crics  in  a few  ''uniro.i 
Ij,."''''.  .fince  mo;-.'  'he  io;i  rearrancomen'  reactions  arc  ' hroc-bo^iy  involvin'  'he 
track -pound  aas. 


is  f'l<'>.ar  ' !ia'  a'  th.c  .atmosphei’ ic  -lensi'-ies  ''.pical  h.‘  ■!;  po'rfcr 


CO  and  CO^  lasers,  ion  cn.ullibrium  will  iic  acliicvod  on  a |u.soc  ‘ im.e  .-;calc. 


Recen'  ion  i-icn' ifica' ion  moas.urcm.cn' s ha’.’-c  been  fo\ind  'c  be  in  'oed  a'->’‘'‘c- 
•"cn'  wi'fi  prodi'’' ions  iiaso-l  on  'ho  a'/ailable  couilibriur-  cons' an' s.  Fi.airc  1^^  rVew: 
a positive  ion  m.ass  .spcc ' -nv.'  ob'-.ained  in  exceptionally  clean  air  ha'/in.*  an  iu  ' 
'’cnccn'rat  ion  o:’  approxima' cly  F ppm.  Essen' i ally  'he  sait.e  ion  spcc' rur-  'was 
rb'ain'^d  in  'pu.r--''  Mo.  In  all  c.ases  'he  H"^.  (lUO),.^  serios  "rfas  fo7]n-i  'o  bo  icr.inan'  . 
'Comparison  of’  '-'i  1^  aivl  1^  shews  vcip  ’oed  apccm.cn'  bc'wccn  the  prcdic'ol  c'.'.  J 

•^-.■'a.-urc'l  'ion  sP'''c'rum. 
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For  pvirposes  of  comparison,  Fig.  l6  shows  measured"^  values  of  fractional  ion 
concentration  as  a function  of  E/n  in  a C02-No-He  (l:2:3)  laser  r.ix'ure  a^  O.36 
Torr  containing  HoO  at  10“3  Torr  (~  10“^’  atm).  Even  a*-  +his  low  pressure  ^he 
hydrat ed-hydronium  series  ion  was  found  to  dominate.  A'^reemen*  wi^h  'he  analy' ical 


data  of  Fig.  l4  is  very  good  at  low  E/n  values  at  which  = T. 
of  ion  iden1  ity  in  CO  have  also  been  made  at  very  Ipw  pressures  ( 
and  at  relatively  low  residual  HoO  levels  (l0“'’-10“‘  Torr,  < 10”' 


Moasurenien' 
01-0.35  Torr) 
a-!m).  Even 


under  these  condit  ions  the  dom.inan'-  ion  species  at  room  ' emperature  and  a CO  pres- 
sure of  0.35  Torr  were  found  to  be  C0'*'*Ho0  and  H^O"*".  The  clus'er  CO'^-CO  was 
found  'o  be  the  dominan'  ion  only  in  a narrow  range  of  pressures  between  0,1  and 


0.3  To^-r. 


In  light  of  the  findings  discussed  in  the  preceding  paragraphs  it  apnears 
almost  certain  'hat  'he  experimental  conditions  topical  of  recen'  high  pressure 
recombination  measurements^®’^3 jl^*  are  not  consistent  wi' h the  occurrence  of 
simple  molecular  ion  species  such  as  llj^  , CO  *C0,  or  even  higher  order  miombers  of 
these  sequences.  '.N'hilc  the  recom.bina' ion  data  fallirug  wi'hin  'he  shaded  region  in 
Fig.  7 are  rcprescn*'a' ive  o’’  elec'ron  recom.bina'‘ion  loss  under  condit  ions  generally 
similar  ‘c  those  in  laser  discharges,  cor.siderable  cau' ion  should  be  exercised 
w!ie;i  internre' ing  'heir  m.oania’'.  Of  coiutse,  tin' il  'he  ions  are  ac'ually  i i •"’i  ed 
exmerim.en' ally  for  condit  ions  ' ^.riical  of  CO  laser  discharges  i'  is  no'-  possible  -c 
s'a'e  ''la' ly  '.ha'  'lie  hydra' ed-hydroniun  sequence  will  be  iomlnan' . For  example, 
even  in  a mix'urc  con' aiming  only  CO  and  He  (or  .-ir)  as  ma.ior  consti'uents  ' he  ion 
clus' ers  m.ay  bo  of  a m.orc  ccm.plox  form.,  c.g,,  (lIoO)^^ • (CO)^ . 'The  presence  ot' 

o' her  m.a.ior  adli'ives  such  as  lA,  Oo  and  alon‘'  wi' h 'he  ccn'airlnant  Fe(CO)^ 
'lir'd'ier  com.nlica‘ es  ma' ‘ ers  esn-'cially  in  a discharge  environm.e;i' . For  ' heso 
reasons,  while  ' dvc  exac'  .''necies  0''  io;is  rem.ain  unl-mown,  i'  can  be  concluded  wl' '■ 
som.e  certain' y ‘ h.a'  rela' ively  sinplc  molecula,r  ions  ' >pica,l  of  th.e  naren'-  -as  will 
no'  be  dominan'  t’or  CO  (or  CO..')  dec' ric  discharge  laser  condi'ions. 


Clus'or-Ion  Recom.bina' ion 

"he  nroceding  conclusions  arc  likely  'o  h.ave  a very  imnortan'  bearin'  on  CC 
and  COo  larer  c^abili-^y  ^ov  ■'  he  f’cllowin-''  rcaeons:  (l^  rieaGTirod  vainer  o:"’  '* 

eloc' ron  rocombina'  ion  cocfficien'  for  hylratod-hydrcniur:'  series  ions  arc  one  'o 
'v.'o  orders  of  mcagnitudc  larger  than  .simlc  molecular  ions:  (O')  '!^c  olec'rrr.  ' .'■'■■n-''- 

> i.. 

a'-uro  doncndcncG  of  these  clus'  ercd  ions  has  recently  boon  found  'o  be  very  weak 
a.s  indicated  in  Fi'.  7:  and  (3)  ''he  ion  cluster  bond  oncr'ies  arc  rola'-ivoly  wenl: 
(<  1.0  oV)  with  'he  resul'  'ha'  the  quasisteady  cluster  ion  dis'rilni' ion  ac'uall:.- 
ob'aincd  under  specific  condi'  ions  will  be  exccntionally  sensitive  'o  '■he  nou'ral 
and  icn  'ransla'ion  ' cmera' urc.i  and  almost  certainly  to  the  vibra' ional  ‘ omnera' ure 
as  wel] . Indeed,  'hcr'^  .is  evorg.-  reason  ‘ o t'resum.e  ' he  electron  '•em.pora'-uro 
dcnendonco  of  'he  recom.bina' ion  coefficient-  inferred  from,  'he  da'  a of  Rofr.  10,  I q 
1^1  also  rclfcc' s varia' ions  in  ' ■ion  ' ranslat  ional  'ompora'uro  and  neu*  ral  vibra- 
‘ ional  ' '■'mnera' ur^,  bo' !i  0''  whicii  increase  as  e/ti  increases. 
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' .1  rcr.  n Pi.-.' m’banco 


An  illUG-' v'l-' ive  cxoi^tIo  o:’ 
■*  herr.a.1  ins-' abil’>y  is  ni’cvi  ie  J 
'liscxiGSOii.  above.  A relatively 


Mie  ■po'Gn-’  ial  influence  of  ion  clus' erin."  cn 
by  cons idera'' ion  of  ' !:e  b.ydra- ed-hydrcni’L”.  ce  nie: 
iL’r.nlc  oxxireccion  foi-  -^he  nuacic' eady  rcnncr.Ee  c*' 


:c 


■^hc  elec'‘’’cn  denGi*y  *c  a disturbance  in  .■•;as  ■■  eOTera't\n'c  can  b':'  ierlv’.- : cn  *!;•■ 

basis  of  * he  foUovin,';  acsTjr.n-' ions : (l)  all  hyira-ted-hydroniuv  ions  have 

annroxiniat  ely  the  sa.r.e  roccr.binat  ion  coefficient  'vhich.  is  r.\ich  larvei’  • han  ' ;;a* 

+ ' / \ + 

H-:,0  a'  elevated  electron  ' erTierat-ure;  and  ('’)  only  tj'.o  reccr.binat  ion  coeff 

cion*'  10000.13  on  eleci  ron  ' er.pera*  ure  (Fi.‘.  7).  On  ‘he  basi.f  of  'hese  censi  :<?ra 

and  by  usiu;':  En,  (if')  ‘c  vela*  o dis*  \u’b  ar.ee  s in  elec*rcr:  * cirpera*  ure  and  "as  'or: 

a-*\u'o,  'he  fcllowiny  equa'icn  is  ob‘ainel, 


c f 


Tk/T 


/ 2(I-Xc)krk?  \ 
V I + -t-  ' 


Xc  Xc  k. 


e T 


, 4>  --  90% 


(I  - Xc)k:  + Xr  kl 


Wfl'^TO  X T r ^ho  ' C*''  y '.rn*  T -O'  Y 

^ ..  - - ....  . ..  ---  ...  V 

wi-^  h rcspoc^  ^ o 'as  ' ot:t 
for  luO"^  and  luO'^.(iUO) 

•vhen  ani  6 are  xerc. 

Shown  in  ^i".  17  a>’e  ‘he  q’.zan*  it-ios  and  X.,  as  a fune*  ion  of  ‘ ex.oera' ure 
corr.pu*  ed  for  1 opr.  HoO  a'  a'^r.o.soheric  densi';.'.  ''he  cerresnoniinq  effectiv'e  '"alue 
of  t-he  recoir.b  inat  ion  coefficient  for  7 =“  0."^  eV  is  nresen*  ed  in  Fiv.  1°.  he'" 

t-ha'  the  transit-ion  fror.  -•  1.0  *o  < 10“  corresnonds  *0  i order  of  ra.-ni 

‘udo  decrease  in  w.hich  takes  place  over  a rela*  ively  sr.n.11  ranr.e  in  ‘ emera* -are 

Fiyiu-’o  l8  al.so  shows  ' !'.a*  cluster  ions  dOTr.inate  ‘he  recor.'.bina‘ ion  nroce.s.s  w''.en  ‘ b.e 
frac*  ion  oxceels  only  a few  nercent-.  of  tiie  tc‘al  ion  concentration. 


nera'  ure , an  i '■ 
resnec*' t-.-'-'l; 


nTo  ’ i'.o  Tocc*T()'' 1 icn  cc'or*'!'^  icn*  r 

•ha*  S.;.  (l '"i  reiuces  *r  F|.  (l"') 


■ re.sen' ed  in  Fi '.  10  is  *he  '"ract  ional  electron  den.si‘y  disturbance  corpu' e i 
usinv.  Ell.  (lO)  and  ‘he  ia*  a of  Fiqs.  17  and  l8.  In  liqht  of  the  iimor' ance  of  t.he 
electron  ien.si'y  di.sturbanee  on  *h?  qrow*  h of  'herrr.al  instability  as  discussed  in 
Ago.  f,  tj.(f,„(,  results  are  of  considerable  si.tnificance.  Fiqure  It^  show."  ‘ha' 
wh^n  citdier  all  ‘he  ions  are  clus' ered  (X^  ~ l)  or  the  cluster  concen* rat  ion  is 
yor.'  snail  (X^  <c  .10"^),  (nQ^/ne)(Tj,/T)”^  is  rela  . ily  .".Trail  as  desired.  However, 
dv.rin'  the  * ransi*  ion  .frrrr  clu.sterel  ions  ‘c  ‘he  sitrplc  rolecular  ion  H.,0  ' !ie 
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T (°K) 

I I I I I 

1.0  10“^  10"^  10“^  10“^^ 


Xc 


Fimre  1^ . ErrocMvo  olen^rrn  rccor.hina' ion  coefricieni  r'or  -he 

norior,  ionr,  for  ‘he  coniii-ions  of  Fi  % 17  and  an  elec'ron  ‘ er.ner 
a‘uro  o^  0."^^  eV. 


r!:a.';ni'‘ U;ip  of  * he  fi’actional  oleo"!  ron  density  dis''urbance  rcaoher;  a yaluc  ' ;.T'ical 
cf  a self-nurdaaiiied  dischar.ye,  i.o.,  ~ 10.  Thin  in  a direct  inanj  fcrya-*  ion  cf 
•I'.c  larye  difference  between  +hc  rccorr.binat  ion  cocfficieir'  for  ciun' cr'^d  a,n  1 rrolecn- 
lar  ions,  coupled  wit!i  ’ho  ex' reme  nenni*  ivity  cf  clv^r.t  ev  ion  concen*  ra' .ion  *r 
variations  in  ' emperature. 

h.'^.h  ftoadv-S-' at  e and  .1' abili ' v Charac^  orisi  icn 


The  res\il' s prenen'ed  .above  show  ■‘he  effec'  on  ‘ho  iriauni'ude  of  elec*rcn 
denni'y  dint-urbances  of  ‘he  tranni‘ion  frorr.  clu.';‘-ered  ‘o  molecular  ionn.  For  t iu> 
hydrated-hydroniuir.  ion  sequence  ‘ h.  in  ccnvevrion  is  effectively  complo'-od  'rfhen  ‘he 
dan  * ransla‘^ ional  ‘ emiperature  reaclies  apprcxima‘ oly  TFO'^K  (Fi.-.  1°').  ..i‘!i  • !'.e 

uosnible  exception  of  ‘he  re.yion  near  !'o\mdary  layers  and/oj'  eloc‘ ro  do  ■■^iirfaccs, 
this  t eir.pora'-iu’e  level  in  very  much  hi:'hcr  ‘ !i.an  ‘hat  an'icipatod  even  in  CCy,  lane”.  . 
However,  ‘he  vibra+ional  ‘'enmera‘'uro  in  both  CO  and  C0„  lasers  cxcee'is  i'V  a 

subn‘‘an‘ lal  marr.in;  and  ‘ here  in  some  evidence'  th.'i'  increases  in  vibra'ional 
‘ cirpera‘ lU’e  are  as  efroc-‘'ive  in  c.l\ist  er  ion  breakup  as  a ‘ ransla*  ional  * er.pev - 

‘lire.  As  an  illustrat  ion  cf  ‘ he  po‘ ent  iai  influence  of  clus‘ er- ‘ c-rr.olocular  icn 
conversion  in  a vilira' ionally  ho‘ - ' r.anslat' i cnally  col  i '.as,  the  varia' ion.  of  cl’.u'‘ e>' 
ion  fraction  shov:n  in  Fi.q.  17  'was  ansiured  ‘o  refer  ‘o  vibra*  ional  tei;’.pora‘ up'  . 

An  effec‘'3''e  recombination  coefficien*  .'cnerally  similar  ‘c  ‘ha‘  shewn  in  F;  . 1 
'.was  ‘hen  u.'.ed  ‘o  cor.pu*  e bo'-h  ’lie  st  ead.y  stat-o  and  s‘abill‘y  ciiaract  eri.'‘ ic."  fri' 

‘he  CO  EFT,  ccndi‘ ions  used  in  ‘he  analysis  of  Sec.  . 

frenented  in  Fi.'.  70  are  comPU' ed  n‘  eadi'  s‘a‘e  proPcr‘ icn  t’or  rcprenen‘ a‘  ! ' 
conii‘ions.  The  mos‘  obvious  corinenuence  o:'  ‘ iie  com.plc' e ccnver.'icn  from  clun'sr-'i 
‘c  r'.olccular  ionn  in  the  !ii  :!il;,'  nenuniform.  a.xial  '.'ar‘a‘irr.  in  .'loc'ron;  iensi  ‘ y 
(and  ‘dierefore  curron*  lensi'y).  .1.''  ‘.he  effec‘ ive  reccm.bina‘ icn  ]os.'  i .'  ■"■■du'-"- 
due  ‘o  cluster  ion  lisinto'ra‘ ion,  ‘ h('  olcc‘ ron  lensity  rise.-  si  uii  ficaih  1;.'  ‘ c 
lo'v'cl  coTSPat  iblc  '.wi*ii  ‘}ie  recom.bina' icn  c(^efficion‘  . In  ccnU''’c‘  'rn  i‘ 

is  in' ere.s‘ in.'  *o  no' o *ha‘  vwith  'i  :'ew  ppm.  Fv'(C0)i-  presets' , a'tachm.cn'  loss  cc"J  ! 
become  sicnif  icant  as  'ho  cluster  ion  concen' ra‘ ion  iocreases  alcnv  ‘ !ic  fic.w  iir  ■- 
tion.  Tf  t-hin  occtirred  ■‘ho  ‘ransition  from  a recombina' ion  dcm.ina'  ed  ‘c  an  a' ‘ ac' - 
men*  dom.ina' ed  disch.armc  would  evolve  spat  ially  an  the  'an  passed  ‘hreu'!-;  * F -- 
charme.  t'^-icr  analysi.s  has  been  shown  ‘ ha‘  .such  a ‘ransi'icn  should  occru'  in 
ex' crnally  sus'aincd  CO^  laser  tiischaruos 

ComPii'-,at  ion  of  stability  charact  crist  ic.n  in  'he  pve.Tcn'  .'ipprrxii-'.a' ion  in  c.’-- 
‘ ainly  lens  accura‘e  ‘h.an  si.e.'.idy  sta'e  properties,  bu‘  i.s  iiuali' a‘ ively  illus' ra‘ i'S'' 
nonetheless.  Firaire  i'’!  presents  ‘ho  approximate  ‘ herm.al  instabili'y  -row' h ra‘ (' 
and  frac' ional  electron  len.si'y  riis' urb.ance  correspondin.-'  ‘'o  ‘lie  con  ii  ‘ icn.,t  of 
Fi".  '’0.  Tiie  order  of  ma.yni' ude  rise  in  ‘he  .'rowth  ra*  e a.s  a conne'UU'nce  c' 
clus'er  ‘o  molcctilar  ion  tran.si'ion  requires  no  explanat  ion  in  liyli'  of  ‘he  pr.’Vu-:;- 
di.scii.s.sion.  I*  in  wort  ii  poin‘in.d  ou*  , however,  ‘■iuat  in  ‘his  i llus' r.a' ivo  ('xar-pl" 
eon.li‘ions  were  selcet-cd  so  tliat  ‘he  'ransi'.ion  from  clustered  ‘o  m.olecular  ion.- 
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SECTION  5 


SUMMARY 


1 


In  1-his  investigation  the  causes  of  instability  in  high  power  CO  laser 
discharges  were  examined.  Emphasis  was  direc'ed  ‘oward  specific  condi*-ions  of 
importance  in  Air  Force  high  energy  laser  technology  program.s.  The  principal 
results  of  this  study  are  summ.ariaed  as  follows; 

(l)  For  the  plasma  conditions  compatible  with  average  electrical  power 

densities  in  the  kW/cm.-^  range,  externally  sus+^ained  CO  laser  discharges 
are  inherently  unstable. 

(^)  Under  the  bes*  of  circumstances  ‘he  time  characterising  ‘■he  grove  h of 
‘■herm.al  instab ili-^ ies  will  be  on  ‘■he  order  of  0.1  m.sec  or  less  a*  ‘his 
power  densi‘^y  level. 

(3)  The  sing,le  mios'-  impor*-an*  fac‘or  affec‘"ing  ‘he  inctabili‘  y grcw‘ i.  rate 
is  the  electron  loss  process;  a conclusion  also  applicable  ‘o  ex ‘ email, v 
sustained  COp  laser  discharges. 

(^0  The  low  tempera' ure-high  pressure  condl‘ions  required  for  efficicn‘  ‘li'h 
energy.'  CO  laser  opera' ion,  combined  wi'h  a very  low  value  c‘'  frac' ional 
ioniza'  ion,  define  a unique  enviroamen'  for  vclur.e  dor.ina'  ed  molecular 
discharges.  Al'hou'h  i‘  is  possible  ‘o  provide  a con* reliable , uniform 
elec'ron  source,  ‘'he  elec'ron  loss  process  is  en'irely  uncon'- reliv’d  under 
‘ he  condi' ions  ‘:.-pical  of  presen'  AF  experim.cn*  r . In  ;'ac‘ , i*  is  prob- 
able ‘ha*  ‘ho  na'uro  of  ‘ho  oloc r on  loss  process  is  dic'a'-ed  by  residual 
impuri' ies . 

Deterr.ina' ion  of  ‘ he  di.schar’o  ‘echniques  and/or  'as  addi‘ ives  required 
‘o  in'roduce  ‘he  degree  of  con‘ rol  over  elec'ron  loss  which  is  comparable 
‘o  ‘ha*  or’  ‘h.e  elec'ron  produc'ion  process  requires  basic  informa' ion 
which  is  presen' ly  unavaailable.  Un'il  a si gni fican'-ly  bo“or  unders' aniin' 
of  high  pressure  ion  kine' ics  evolves,  glow  collapse  and/or  arcing  will 
con' inue  ‘o  be  an  erra' ic  ani  unpredic' able  phenom.enon  which  hinders  ‘he 
devclopren'  of  large  scale,  high  ener'y  elec'ric  laser  sys'ems. 

■".I  Recom.menda' ions 

"’his  invostiga' ion  lias  rev'^alod  ‘he  cri'ical  role  pla.ved  by  elec'ron  recombina- 
‘ ion  In  ‘ ho  grow' h o'’  ‘ herral  ins'  ab.ili'y  in  ex' ernally  sus'ainod  molecular  iis- 
char'os.  Earliv’r  'work^  sh.owed  'he  irpor'an'  efPac'  of  nera' ive-ion. 


1*1 


■1‘ • ac!n  ie' aoil'nent  kino+ic.n.  follow;;  i hai  in  order  *o  r.ake  adli'ional  prcrrosr 
in  ■ ! ' roaiin-  o'’  I’oth  r<'  a:id  fO.-,  laror  iirchar.’icfi  ''ho  followiri;'  de+ailr  cf  poai' ivo 
and.  !i'- -n'  ’ ion  >^rt  o !:nr^  tu?  ’-.nown  frn’  < he  r.-necific  condit  ionc-  of  ir-.ror' ance : 

(I'l  ~''.e  ■ncn’i ■*  ire  an'l  no.-, a^  .ire  ion  sriecii;.’  1:,T>ical  of  a’lnosplieri c denciiy 
V . r hi.r’’ -tt’ Ve  erinincd  oxTiei' iron' ally.  .Ipccial  ei::phasiG 

. ieferr  ir't‘ on  cf  ' !ie  effoe'  of  raria*  icnr.  in 
■ '■(  V .!•;■  ■('■;al  * c-rnora' lire  and  rf  rc'leeuie  rilrayi  cn.-il 
• eri.nera;  . 

{?.)  Elecfron-ion  reerrMna'*  ion  ooeffioienf  r.  ru-n''  he  determined  for  ‘ho  ncr. i‘ ire 
ion  .'■"oeoief;  r.c  iden‘ i f ind  , .'riecial  at'-en'^ion  .nhould  I'o  liroot-ei  ' cward 
de‘-err  :na' ion  c’  ‘die  role  of  molecular  ion  rlhra*  icnal  ' on-.rcra*  ure. 

^ -V  ‘ . -.no  :'fi.  z’ y for  ‘he  nrincinlo  .'T''''’C2p.o  rf  ne  "a‘ ir'"'  ion.'' 

■ !or.‘ i fie.i  r.i  oiu  i i d.'‘ ! a,-  func' icn  c:"'  ‘ ran.~la‘ icnal  'in!  ril  re- 

■ 'rnnl  • o*' 11 V ‘ , 

f ' ) -I  • Q } p ^ t 'p  • ' * « "’  • ^ p ' ■ r . '1.PP  PC  pi"*  * n rv  ' 
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APPENDIX 

CLUSTER  ION  DATA  COMPILATION 


This  appendix  countains  a siammary  of  rate  coefficients  for  the  formation  anl 
recombination  of  certain  cluster  ion  species  which  may  be  of  importance  in  hip-h 
power  CO  and  CO2  electric  discharge  laser  applications.  In  some  cases  cluster  bond 
energies  and  reaction  temperature  dependences  are  also  given  for  purposes  of 
comparison . 

It  should  be  emphasized  that  the  cluster  ion  formation  data  in  Sec.  I of  ihic 
appendix  were  all  obtained  at  low  temperature  (<  300°K)  under  conditions  of  thermo- 
dynamic equilibrium,  i.e.,  T^  = T^  = T.  Also,  in  many  of  the  measurements  leading 
to  the  recombination  data  in  Gee.  II  the  degree  of  vibrational  lexcitation  of  the 
ions  was  unknown. 

Unfortunately  there  are  no  data  of  this  t’/pe  available  for  discharge  conditions 
representative  of  high  power  CO  and  COg  laser  discharges.  In  view  of  the  discussion 
in  Gees.  3 and  h of  this  report,  it  is  clear  that  there  exists  a sirnificant  gap  in 
the  CO/CO2  data  base  which  could  be  of  considerable  importance. 


CLUSTER  ION  PROCEGDEG 


a t 

Reaction  Rate  Coefficient  Reference  Notes 


I.  Cluster  Ion  Formation 


A.  CO'*’-  (CO)j^  Serie 


(1) 

00^^+200  - CO'^.CO+00 

1.07(-28)T  = 174°K 

1 

AF  ~1.2eV,|kj  < 1 

7.6(-29)  T = 200 

1 

l,l(-28)  T = 2B0 

1 

*’ 

l.K-28)  T = 300 

0 

(2) 

C0'*’*C0+2C0  - C0'^.(C0)2+C0 

1.06(-29)T  = 174^K 

1 ■ 

A 

5.58(-30)T  = 200 

1 

" '• 

3.86(-30)T  = 280 

1 

It  II 

(3) 

CO'^-  (C0)2+2C0-  CO^  • (C0)2+C0 

6.06(-30)t  = 174°K 

1 

A.  0.4oV 

'lir.’T  R I'li;  ! (Cont.  M) 


-‘c\  i 

.■/  • . - 'oef:' 

ic  ler'.t 

Reference 

Kotcr 

0 

. l'  ')  ^ ' .,'f 

■.6(-r-T 

- 300°': 

3 1 . 

-0.U5,  K - -0.°,r  < 

(5) 

Oo-^He  o;  • 

0.U(-30)T 

3.1(-09)T 

-•  ..’O0°K 
--  d2°K 

■'',5 

7,5 

(o) 

Oo'^O^+r'r  Oo  • Oo'^Kr 

”.3(-30)T 

ISO^K 

7 

” 

(7; 

Xs  • ^ • (0.-v)^+0p 

■ 300°K 

3 1: 

-0,23,  k - -5.1,T  < 300°K 

(7^ 

0-1  'vOo)^’^ 

. ■ - ' ' 

3 

A,---.  0.11 

( ) 

Oo  ■ 0.;> +0- -*-}^e  -•  Or,  • i Or, 

5.  '-3  ^ ■’ 

■'•,5 

A":  -0.2“ 

(i 

;,'dr'?tel  Ton:' 

(10) 

CO'^+HoO+CO  - ■ ‘ • ;{r,0  f d:  ■ 

1.'  ■ '? 

1 

A - 2 . 0e\' 

HoL'  * 

- -1>:  ■ ': 

1 T.'j'^K 

1 1 

-2.0eV,  rt-1 

:i . ■ 

1 

•1  M 

•1  _ . 

1 

17 ; 

• i-_ 

■'  -1 

1 .-I-  ' 

1 

A - i . Oe . 

:13) 

■■  ‘ •::o0  - H ■ 7 . 

1 

1 

A 1.  '■• 

T 

000 

1 

^.•■'-10''  T 

--  r-'O 

1 

lU) 

0^  + H,,0-.”  - 'V-H^OiM 

, '• 

- .0^-  7'' , .' 

: -=Hc,T  = 
•o 

oo5°K  3 

A”  0.03 

(r:0 

.7  •'-  • HcO  - 

' T 

- 205 

(!'  ) 

Oo  -;u^‘  • H-,'  i'  ‘O., 

T 

205'^K 

< 3^-10> 

CLUSTER  ION  PROCESSES  (Cont'd) 


1 


Reaction 

Rate  Coefficient  Reference 

Notes 

( 17 ) NO^  +H2O+M  - NO"^  • HpO  + M 

3.6(-29)  M =He,  T =295°K 
7.8(-29)  -V 
1.6(-28) 

1.6 (-23)  NO 

9 

(18)  N0'^-H20+H20+M -«  NO"^- (H20)2+M 

3.0(-23)M  =He,  T = 295°K 
8,0(-23)A^ 

1.0(-27)N2 

1,1(-27)N0 

9 

(19)  NO"^-  (H20)2  + H2O  + M 

-NO"^-  (H20)^4.m 

U.0(-28)M  = He,  T = 295°K 
1.5(-27)A^ 

2.0(-27)N2 

1.9(-27)N0 

9 

(20)  N0'".(H20)3+H20-  H30''-(H20) 

8.0(-11)  , T = 295°K 

9 

AE~  .97eV 

^ HNO, 

(21)  i;*  -N2+H20  - H20"-  + 2N2 

1.9(-9),  T = 300°K 

10 

(22)  F^O^+HpO  -*  H^O*-K)H 

1.3(-9) 

10 

(23)  H30%H20+N^=  h'-(H20)2+N2 

3.U(-27),(7.0(-26)) 

10 

AE~1.57eV 

(2h) 

2.3(-27),(7.0(-18)) 

10 

AH~  .Q7eV 

r K^-(H20)2-tN2 

(25)  h'^.(H20)3+H20+N2  - h'". 

2.4(-27),(U.0(-lU)) 

10 

AE  ~ .7UeV 

(H20)j^+N2 

(26)  h'".(H20)^+H20+N2 

0.9(-27),(6.0(-12)) 

10 

AE~  .67eV 

II'^-(H20)^+N2 

k7 


■"Tr."?  R :oN  rR.nr-  ■:ont'  -i) 


Re'i  0-  ior. 

Rate  Coefficient 

Reference 

I.'otec 

. M 

>»  - 

--7' 

. • 

_ 3qO[.; 

'^,5 

At  ~0.1e 

0;‘2C.-  . 

2. 3 (-29  I r = 200°K 

1,5 

A7-0.70 

( 2^'! 

4-lr 

2 .2  "e 

^9  ' '9  * * 

1.Q)-29)t  = Bo°k 

1,5 

AR~0.2 

-30) 

31' 

5.2'-29)T  = 200°K 
l.O-ao'17  = 8o°K 

1,5 

1,5 

Al...,0.9 

’o' 

e 2 ‘‘e 

a::  -0.1 

» ' 

- 

•;0  ’ 

= 300°K 

11 

331 

— -'O 

.'JO  • 

2.0(-31)T  = 300'^K 

li 

;3i> 

:;o  '-*2I;2  - 

•'^.0^-30)T  = n'°K 

I'- 

(35) 

110*^20,  - 

::o  ‘ - Op “Op 

t -32'T  ^ 300°K 

i; 

. lor.p 

: 3’' ) 

p^4-o 

’ +2 

2.1  ^ 

13, 1-- 

(^71 

C*+C02  - ■' 

o'^-^co 

1.  ■ - • 30J  "^K 

13,11 

(3-) 

:02*3C02  - 

OOp  • 'Z'2 

I.'--: - 30e°K 

15,1' 

(39) 

HC0'*'+H20  - 

H30''+co 

1.28(-9)T  = 17U 

1 

f40) 

\ 

2+  + 7^ 
o 
c 

2.0(-10)T  = 300°K 

17 

0>"0 

(i^l) 

o;'+co2  - 

•^;^°2 

9.0i'-10)T  = 300°K 

17 

oj+co^ 

US 

CLUSTER  ION  PROCESSES  (Cont ’d) 


React  Ion  Rate  Coefficient  Reference  Notes 


II . Electron-Ion  Recombination 

+ e 

A.  CO  Initial  Core 


(1) 

e + CO”^ 

3.9(-7)Tg  = T = 775°K 

18 

-.56 

e + CO'^.  CO 

a .0(-7)Tg  = T = 0.8eV 

19 

kS=  -1.6,0.KT 
<1.0  eV 

B . 

0^  Initial  Core 

(2) 

”2 

e + 0^ 

0.8(-7)T  = 1000°K 

e 

20 

k®  = 

-0.56,T  >1000' 
’ e 

(3) 

e -t-  0 + 

3-5(-'7)Tg  = T = 180°K 

7 

(U) 

e + 0^  * Op 

1.8(-6)T^  = 180°K 

7 

C. 

Hydronium  Series 

(5) 

e + H^O"^ 

1.0(-6)T  = 5^+0°K 
e 

21,22 

k®= 

A P 

-1,  1000 '^K<  Tg 

<5000°K 

k < 
r 

-!  , T^>5000°  K 

(6) 

e + H20''-(H20) 

2.0(-6)T  =T=54o'^K 
2.2(-6)T®  = 415°K 

21 

21 

k^  - 
r 

- 0 

(7) 

e + HgO"^.  (Hp0)2 

4.0(-6)t  = 540°K 

21 

" 

4.2(-6)T®  = 415 

21 

3.8(-6)tJ  = 300 

21 

(8) 

e + H^o^-^HgO)^ 

4.9(-6)t^  = 300°K 

21 

n 

(9) 

e * H^0-^.(H20)^ 

6.0(-6)T  =205°K 
e 

21 

tl 

(lOl 

e + 

7.5(-6)Tg  =205°K 

21 

" 

ai'  e * F;,0*.(H20)^  < 1 .0(-5)T^  = 205°K 


21 


’•e'i.’-  ion 


P?  fere nee 


r.'o^  es 


i"oef'f ! cieni 


Aiiriori:  urr.  f-erier 
; 12  I e 

' 1.5  > ^4-  -t;2.  ■> 


V;  = 300°K 

S.  .■■f-  .)T'^  ^ 200°K 

P 

')T_^  = 300°K 
^ ^ ^Oo'^K 

.3 


23 


23  k---O.V 

r 

2P  k = - 0.05 

Y' 


.■•'i‘p  'Opf  t 10  ; F l'o>’  ’ v.'O -boiiy  prooPSFcF  'ir*:*  ■-=‘>:p?'pss0d  In  oec  cm  ; t hre*^-bodv 
procesF-i\F,  rec'^om’':  nrid  :’o-;r-bo<iy  rrooeorc.'.  Fco~-om  '.  For  'hree-body  r-^'ac:  ions 
* he  produo*  k F'l'urn'eF  ■:*  a ’/'ilue  oi’  apuroxima*  ely  x oeo'^om-^  as  * he 

Di'ess'ire  increases. 

-r.  repre^en' s ‘i;e  ex' yio"  K>T"r. ' y *^f  ' Pe  i;i(!  liv. ' e.i  reae'ion.'^.  Tn  'he  ca?e  of 
elns' er  i<'’n  forma"  Ion  1!'  reflee' s lie  ene  rr:y  r-^q'iired  'o  r-^move  the  las'"  neutral 
Tioleenle  'i  I'ieci . ;hUF:,  IP  provider-  an  approximate  mea.'-ure  of  t);e  thermal  s'abili*,'." 
ot  ' h*^  elur'ei'  ion  complex,  •jenerally.  'he  enerri*^r  jp  an-i  eleotren  and  (■'an 
' em.p-  rar  are  dependenc-’  of  reac*  ion.r  ar  reflec'.eti  by  --.nd  k ar"  muck  less  reliable 
' han  'fie  m'it'.ni'ude  of  'he  reac  ion  rate  coeff  icier.':  s , 

. -^e  pef.  yU  for  " h-  equilibrium  cons''.nt.<!  for  'he  O^'O-^)^  series. 

t-et'  25  for  the  •equilibrium  cons'ant.t  for  the  !i*.(}f„0)  series 

n 

he  -issump'ion  that  the  ion  species  in  *he  measuremen's  of  Ref.  19  was  CO^^.OO 
as  imiica’ed  here  is  questionable,  fee  'he  discussion  of  fee.  h. 
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